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OLEDCharge transport and shelf-degradation of MEH-PPV thin-ﬁlmswere investigated through stationary (e.g. current
versus voltage — JxV) and transient (e.g. Time-of-Flight — ToF, Dark-Injection Space-Charge-Limited Current —
DI-SCLC, Charge Extraction by Linearly Increasing Voltage — CELIV) current techniques. Charge carrier mobility
in nanometric ﬁlms was best characterized through JxV and DI-SCLC. It approaches 10−6 cm2/Vs under a SCLC re-
gime with deep traps for light-emitting diode applications. ToF measurements performed on micrometric layers
(i.e. ~3 μm) conﬁrmed studies in 100 nm-thick ﬁlms as deposited in OLEDs. All results were comparable to a sim-
ilar poly(para-phenylene vinylene) derivative, MDMO-PPV. Electrical properties extracted from thin-ﬁlm transis-
tors demonstrated mobility dependence on carrier concentration in the channel (~ 10−7–10−4 cm2/Vs). At low
accumulated charge levels and reduced free carrier concentration, a perfect agreement to the previously cited
techniques was observed. Degradation was veriﬁed through mobility reduction and changes in trap distribution
of states.
© 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
The ﬁrst pieces of work about electronic conduction in light-emitting
diodes based on organic semiconductors (OLED) were reported in the
1970s [1,2], while the electroluminescence effect was only observed in
1989 [3]. Since then, many efforts have been undertaken to improve
their performance and place them as promising candidates to a wide
range of applications, such as optoelectronic devices in ﬂat panel and
ﬂexible displays [4,5]. Despite the increase in their importance and
simultaneously-acquired knowledge, charge transport mechanisms
have not been fully understood [6–8]. A detailed description of energy
states and charge carrier mobility requires many efforts due to the difﬁ-
culty in the use of conventional techniques such as Time-of-Flight (ToF)
to study thin-ﬁlms as in electronic devices [9,10].
Based on such difﬁculty, thiswork suggests the application of relative-
ly recent and alternative techniques to investigate organicmaterials, such
as: Dark-Injection Space-Charge-Limited Current (DI-SCLC) and Charge
Extraction by Linearly Increasing Voltage (CELIV). Furthermore, besides
comparing them to each other, electrical properties are also studied inOr-
ganic Field-Effect Transistor (OFET). Polymers from poly(p-phenylene
vinylene) (PPV) were herein investigated, particularly poly[2-methoxy-
5-(2′-ethyl-hexyloxy)-1-4-phenylene vinylene] (MEH-PPV) and poly[2-sevier OA license.methoxy-5-(3′,7′-dimethylloctyloxy)-1-4-phenylene vinylene] (MDMO-
PPV), due to their high stability allowing easy deposition of the top con-
tact [3], application in large-area electronics [11], low-cost printable elec-
tronics [12] and ﬂexible circuits [13].1.1. Stationary measurement techniques
1.1.1. Current–voltage characterization
Modelling of current–voltage characteristics is used to translate
bulk properties. Differently from inorganic monocrystalline counter-
parts, electrical transport in polymeric semiconductors is inherently
anisotropic at the molecular scale. Charges are delocalized within
the conjugation length along the backbone of a polymer, being the
rate-limiting step of transport the interchain hopping of charges.
According to the Variable-Range Hopping model proposed by Vissen-
berg and Matters [14], carriers contribute to current ﬂow only when
they are excited to a so-called transport energy level. At higher carrier
concentration the average starting energy is closer to the transport
energy, which reduces the activation energy and therefore enhances
mobility.
In trap-free materials with at least one ohmic contact, current
density follows the space-charge-limited model (SCLC),
JSCLC ¼ 9=8ð Þεε0 μ V2=d3
 
; ð1Þ
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free space, μ charge carrier mobility, V voltage applied and d thickness
[15]. The Eq. (1) is well-known as Mott–Gurney Law. For low ﬁelds,
the current density depends on the thermally generated free-carrier
concentration (n0) by
JΩ ¼ μen0 V=dð Þ; ð2Þ
where e is the elementary charge. In the presence of traps, charges
might depend on a much more complex regime. For instance, in the
presence of shallow traps in energy compared with material Fermi
level, μ gets modulated by a factor θ=N0/(N0+Nt), where N0 is the
free charge density and Nt the trapped charge density. So, Eq. (1) be-
comes:
JSCLC ¼ 9=8ð Þεε0θμ V2=d3
 
: ð3Þ
If there is a trap exponential distribution of states (DOS), the current
density becomes as complex as
JTFL ¼ Nve1–lμ ll 2 lþ 1ð Þlþ1= lþ 1ð Þ2lþ1
h i
εε0=Ntð Þl Vlþ1=d2lþ1
 
; ð4Þ
where Nv is the density of states in the valence (or conduction) band
and l=Tc/T with Tc temperature characteristic from trap energy DOS:
N(ε)=Ntexp(ε/εt) with εt=kBTc traps characteristic energy and kB
Boltzmann constant. In order to have a more realistic Mott–Gurney
Law, the Poole–Frenkel-like dependence of μ on the electric ﬁeld (E)
must be considered [16]. The zero-ﬁeldmobility (μΕ=0) and the param-
eter E0 dictates how strongly μ is modiﬁed by the ﬁeld:
μ Eð Þ ¼ μE¼0exp E=E0ð Þ1=2
 
; ð5Þ
where μΕ= 0=μ0exp(−Δ/(kBT)) with μ0 a constant and Δ the activa-
tion energy. In this case, current density is approximately [17]:
JPF≈ 9=8ð Þμ0εε0 V2=d3
 
exp e3= πεε0dð Þ
h i1=2
V1=2= kBTð Þ
 
: ð6Þ
1.1.2. Polymer thin-ﬁlm transistors
In an organic transistor, charge carrier mobility is commonly as-
sumed dependent on the overdrive voltage (i.e. the difference be-
tween gate voltage – VGS – and threshold voltage – VT) through
μ ¼ k VGS–VTð Þγ ; ð7Þ
where k contains information on ﬁlm morphology, being mainly re-
lated to the ease of intersite hopping, and γ is related to the broad-
ness of an exponential DOS by γ=2(Tc/T−1). Drain current (ID) in
linear regime becomes
ID ¼ Cox W=Lð ÞkVDS VGS–VTð Þγþ1; ð8Þ
where Cox=εε0/xi is the dielectric capacitance per area, xi dielectric
thickness, W channel width, L channel length and VD drain voltage.
In saturation regime, the saturation current becomes
ID ¼ Cox W=Lð Þ k= γ þ 2ð Þ½  VGS–VTð Þγþ2: ð9Þ
1.2. Transient measurement techniques
1.2.1. Time-of-ﬂight
The ToF technique consists in creating an exciton package located
on near the interface of a semi-transparent electrode [18] and analyz-
ing their transport through the bulk up to the opposite electrode. Thecharge carrier package is created by a short light pulse, while the
transport is carried out by an external applied electric ﬁeld (E).
Charge carrier transit average time is estimated by the current tran-
sient extracted from a resistor in series with the sample. Once the
transit time (ttr) is obtained, knowing the distance between the elec-
trodes (d), carrier mobility (μ) is calculated by:
μ ¼ d= ttrEð Þ: ð10Þ
The layer of organic material must have few micrometers, just to
separate the process of optical absorption from electric transporta-
tion. One or even both electrodes must be a blocking contact for the
carrier to be measured.
1.2.2. DI-SCLC
In the Dark-Injection Space-Charge-Limited Current (DI-SCLC)
method, a voltage step is applied to the sample and the resulted tran-
sient is recorded by an oscilloscope [19]. If the injector contact is
ohmic and the material is trap free, it is possible to observe a peak
in the current transient (JDI). DI-SCLC is similar to ToF, but the laser
excitation is replaced by a voltage pulse. The technique is valid when
follows the SCL regime.
The time at which J(t) reaches a maximum is known as τDI. It is the
time interval that fast carriers take to reach the non-injector elec-
trode. For t>τDI, the current transient decay monotonically and as-
ymptotically to the stationary value JSCL. The time to maximum (τDI)
is related to carrier transit time (ttr) by τDI=0.787ttr. Thus, mobility
can be evaluated by Eq. (10). The rate JDI/JSCL=1.21 must be
respected and any divergence indicates that the contact differs from
an ideal ohmic one.
1.2.3. Charge extraction by linearly increasing voltage
The ToF technique is the most common method to evaluate the
charge carrier mobility in low-mobility materials as polymeric semi-
conductors. Juška et al. [10] had to overcome challenges such as the
heterogeneous structure and high dark conductivity of microcrystal-
line silicon. The authors proposed then a new method – CELIV –
which consists in applying two consecutive pulses of linearly increas-
ing voltage (V(t)=At) and monitoring the current transient related
to the extraction of carriers in equilibrium. The charge extracted is
equal to the difference of the two transients for a time delay (td) suf-
ﬁciently small. The increase of this delay allows the study on the re-
covery of charge carriers in equilibrium. The second pulse is important
to identify non-ideal conditions, e.g. imperfections in the blocking con-
tact. The mobility can be evaluated when the transit time is lower than
relaxation time, i.e. when τσ=εε0/σ≫ ttr. In this case, the extracted
charge is given by:
J tð Þ ¼ A=dð Þ εε0 þ σt 1þ μAt2= 2d2
 h o
; for tbd2= μAð Þ1=2 ¼ ttr

ð11Þ
and J(t)=(A/d)εε0= J(0), for t> ttr. The conductivity (σ) may be evalu-
ated by:
σ ¼ εε0 d J=J 0ð Þ½ =dtð Þt¼0 ð12Þ
and
σ ¼ 3εε0= 2tmaxð Þ½  ΔJ=J 0ð Þð Þ: ð13Þ
During charge carrier extraction, the electric ﬁeld is not constant.
This affects the electric ﬁeld estimative in which μ and σ are evaluat-
ed. However, the ﬁrst extraction happens at the moment tmax, when
the electric ﬁeld is more intense. This maximum electric ﬁeld is
given by E=Atmax/d. Experimentally, it is more appropriate to carry
out measurements when ΔJ≲ J(0). This condition can be fulﬁlled by
486 C.A. Amorim et al. / Journal of Non-Crystalline Solids 358 (2012) 484–491choosing an adequate voltage rise speed (A) or thickness (d). Thus,
the mobility is evaluated by:
μ ¼ 2 d2= 3Atmax2 1þ 0:36ΔJ=J 0ð Þð Þ
h i
: ð14Þ
The charge carrier extraction was investigated in α-Si, which has
not been possible with the ToF method.
2. Materials and methods
An OLED-like structure was used for JxV, DI-SCLC, CELIV and ToF
measurements. Indium tin oxide (ITO) electrode over glass (Delta,
unpolished, 30–60 ohms/sq.) was patterned on chloridric acid (HCl).
Prior to polymer deposition, substrates were cleaned on ultrasonic
baths of acetone (20 min) and isopropyl alcohol (10 min), with inter-
mediate rinse in ultra-pure water and a ﬁnal blow dry with nitrogen
gas. MEH-PPV (Sigma-Aldrich, Mn=150–250 kg/mol) and MDMO-
PPV (Merck KGaA, Mw=1 150 kg/mol and Mn=170 kg/mol) in
(A) 5, (B) 7 and (C) 20 mg/ml chloroform solutions were agitated
for 24 h, 1 μm ﬁltered and spun at (1) 500, (2) 1 500 or (3) 3
000 rpm for 60 s. Samples were then heated at 55 °C and 0.4 mbar
during 60 min to eliminate the solvent. Resultant thickness of the
ﬁlms was 190 (C2), 240 (B1) and 400 nm (C1) for MDMO-PPV,
while 77 (A3), 133 (A2), 460 (B3), 3 000 nm (by casting) for MEH-
PPV, with an active area of 9 mm2. A 40 nm-thick ﬁlm of PEDOT:PSS
(H.C. Starck CLEVIOS™ P VP AI 4083) was processed between oxygen
plasma-treated ITO and active layer for JxV, DI-SCLC and CELIV mea-
surements. It was deposited from a 0.2 μm-ﬁltered water solution
by spin coating at 3 000 rpm for 30 s, followed by annealing at 100 °C
for 10 min in vacuum. Finally, a 100 nmaluminium anodewas thermal-
ly evaporated from tungsten crucible in a Balzers physical vapor depo-
sition (PVD) system at 10-6 mbar. Devices were subsequently
encapsulated with epoxy and glass in a glove-box under nitrogen
atmosphere.
Measurements were performed with the devices placed inside a
closed-cycle Janis cryostat equipped with transparent quartz win-
dows. A Lake-Shore temperature controller was used for the temper-
ature variation (140 to 330 K). The current–voltage characterizations
were obtained by using a Keithley 237 source-measure unit. For the
transient current measurements, a pulsed nitrogen laser (Oriel Instru-
ments) coupled to aDye LaserModulewasused to generate short pulses
of 5 ns to excite the samples. Electric current was measured using a
broadband current ampliﬁer (Stanford Research SR570) coupled to a
fast digital oscilloscope (Tektronix 340A), triggered by the laser pulse.
PLEDs electro-optical characterization was performed with a Keithley
2420–C SourceMeter, a Minolta CS–100A Chroma Meter and an Ocean
Optics HR 2000 Plus High-Resolution Spectrometer.
PFETs were bottom gate and bottom contact devices on a 350 μm-
thick heavily doped p-type silicon wafer (0.020–0.025Ωcm) acting as
substrate and common gate electrode. Prior to dielectric deposition,wa-
fers were chemically cleaned by a standard RCA procedure with subse-
quent dip in diluted HF. A (274±4) nm-thick silicon dioxide (SiO2)
was grown by dry thermal oxidation. Titanium adhesion promoting
ﬁlm (5 nm) and gold source and drain electrodes (100 nm) were
obtained by lift-off after electron beam PVD. Channel width/length (W/
L)mask values varied from55 to 220 and L, from5 to 20 μm. SiO2 surface
treatment started with 10 min O2 plasma at 100Wrf, 100 mTorr and 50
sccm. Samples were subsequently exposed to vapour-phase hexam-
ethyldisilazane (HMDS) in an oven at 110 °C for 30 min.MEH-PPV coat-
ing produced a thin-ﬁlm of 77 nm (A3). FETs were characterized
through an Agilent 4156A semiconductor parameter analyzer. Devices
were held at room temperature in darkness and exposed to the atmo-
sphere in a micromanipulator. An Alpha Step 100 proﬁlometer was
employed to extract thin-ﬁlm thickness, while its absorbance was
obtained with a UV–visible Shimadzu UV-1650 PC spectrophotometer.3. Results
Current–voltage (JxV) characterization from 140 until 300 K is
presented in Fig. 1 for two active layer thicknesses – 460 and 77 nm
– in ITO/PEDOT:PSS/MEH-PPV/Al. Voltage was raised up to 16 V for
the thicker device and up to 5 V only for the thinner one. Shelf degra-
dation was veriﬁed after six months from manufacturing for the
unencapsulated device. It is observed in Fig. 1a that the smaller the
thickness the higher the current at the same bias voltage and the
smaller the built-in voltage (Vbi). In the inset of Fig. 1a, Vbi≌2 V for
77 nm, while 7 V in 460 nm-thick MEH-PPV and up to 10 V after deg-
radation. Rectifying behaviour was present with an ever decreasing
current while decreasing the temperature. A transition from ohmic
(α V) to trap-free SCL conduction (α V2) with intermediate trap ﬁll-
ing regime (α V15) is shown for 77 nm-thick MEH-PPV in Fig. 1b. Con-
sidering Nv=1×1019 cm-3 and ε=3.0, μSCLC=1.2×10−7 cm2/Vs,
n0=8.6×1012 cm−3 , l=14.5, and Nt=8.4×1016 cm−3 were calcu-
lated from Eqs. (1), (2) and (4). In Fig. 1c, a change from trap-ﬁlling
to Poole–Frenkel-like SCL conduction is observed for 460 nm-thick
MEH-PPV after six months from processing. Deep traps observed ini-
tially had l varying from 3 to 5.5 and Nt=1.32×1016 cm−3. The latter
parameter was obtained from the plot JTFL/Vl +1=K/d2l+1 versus l
for T>200 K [20]. Degraded ﬁlms showed μ0=5.5×10−6 cm2/Vs and
Δ=0.34 eV for T>200 K with μSCLC(3.3×105 V/cm, 300 K)=7.7×
10−8 cm2/Vs.
Typical ToF signals for two PPV derivatives are shown in Fig. 2. A
240 nm-thick MDMO-PPV ﬁlm was analyzed in the voltage (V)
range of 4 to 10 V. The shape of the ToF signals in Fig. 2a apparently
does not change upon increasing V by a factor of 10. Transit time
(ttr) is indicated by the intersection of two trend lines in a log10(J)
xlog10(t) plot. The sum of these two slopes must be −2, according to
Scherr andMontroll [21] that considered the randommovement of car-
riers under the applied electric ﬁeld (E). Nevertheless, as in our case,
this sum can differ from −2 [22]. The same was valid for 460 and 3
000 nm MEH-PPV in Fig. 2b. As expected, the thickest layer formed by
casting presented an operating voltage tenfold-higher compared to
thin-ﬁlms.
Calculated hole and electron mobilities for 190, 240, 400 nm
MDMO-PPV and 460 nm-thick MEH-PPV are presented in Fig. 3a.
Note that electron mobility is comparable to hole mobility in all
MDMO-PPV devices (~10−5 cm2/Vs for 190 and 240 nm, while only
~10−7 cm2/Vs for 400 nm). It was observed with an encapsulated
3 μm-thick MEH-PPV layer in Fig. 3b that μToF for holes was expected
to be ca. 10-6 cm2/Vs. The failure to obtain electron current transient
inMEH-PPVwas due to lowmobility, highdispersion and low signal-to-
noise ratio. Transit time (ttr) is shown for two different temperatures
(T). An inverse relation between ttr and μToF is observed for both mea-
sured T. According to Scherr andMontroll model [21], transport disper-
sion was characterized by α from 0.51±0.11 to 0.37±0.04 for T from
300 to 270 K. Poole-Frenkel dependence [17] was veriﬁed with μ0
from 3.8×10−7 to 3.6×10−8 cm2/Vs and βPF from (1.7±0.6)×10−24
to (2.5±0.2)×10−24 J(m/V)1/2 for T from 300 to 270 K. Theoretical
constant βPF=[q3/(πεε0)]1/2 should approach 7×10−24 J(m/V)1/2.
According to this model, high mobility such as in Fig. 3a could be
obtained already below 1 MV/cm, as μToF(8×105 V/cm, 300 K)≈
1.5×10−5 cm2/Vs.
DI-SCLC transient signals for 77 nm-thick MEH-PPV in a voltage
range of 7 V to 10 V are shown in Fig. 4a. It was possible to observe
in all measurements a typical current density peak (JDI) with JDI/JSCL
between 1.67 and 1.70. Carrier mobility (μDI-SCLC) in Fig. 4b was eval-
uated from t=τDI, i.e. the arrival time of fastest carriers at the non-
injecting electrode, in which J hits the maximum JDI. The DI-SCLC tran-
sient signal increases progressively as the voltage increases. Simulta-
neously, the location of JDI shifts to a lower τDI, as expected in the
presence of an ohmic contact. The technique was performed in two dif-
ferent periods: the ﬁrst immediately after sample manufacturing and
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because degradation strongly decreases the typical DI-SCLC transient
signal.
Photo-CELIV curves collected for a submicrometric MEH-PPV ﬁlm
under different maximum voltages are shown in Fig. 5a. It can be ob-
served in the inset that condition ΔJ≤ J(0) was fulﬁlled, so conductiv-
ity (σ) and mobility (μCELIV) could be evaluated by Eqs. (13) and (14),
respectively. Fig. 5b presents μCELIV and σ in two different time pe-
riods. Both parameters were not sensitive to electric ﬁeld (E) varia-
tion and barely changed after two months from initial measurements.
Bottom gate bottom contact MEH-PPV FET on highly-doped silicon
and HMDS-treated thermal SiO2 presented μFET~1×10−4 cm2/Vs at
VGS=−40 V and nQ=(3.5±0.1)×1012 charges/cm2 (Fig. 6). Al-
though a water contact angle of 75° was achieved, hysteresis of ca.
10% and subthreshold swing higher than 5 V/decade indicate the
presence of traps in the oxide/semiconductor interface. Therefore, a
variable μFET model is adequate for data treatment and coherent
with the other studied techniques.
Themethodology for parameter extraction from ID versus VGS curves
is detailed in [23] and was partially exposed in Section 1.1.2. Results
shown in Table 1 demonstrate a perfect agreement among FETs of
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(VOV=VGS−VT) calculated from these data is given in Fig. 7.
Light emission was investigated from an ITO/PEDOT:PSS/MEH-
PPV(77 nm)/Al LED. Device electro-optical characterization is given
in Fig. 8. A maximum luminous efﬁciency of 5.3×10−3 cd/A and lu-
minous power efﬁciency of 1.24×10−3 lm/W were observed for the
encapsulated device at 14 and 13 V, respectively. The orangish-red
emission had chromaticity coordinates of (0.53, 0.47) at a bias of
15 V and 35.8 mA (inset in Fig. 8a). The effect of encapsulation in
the electroluminescence spectrum is shown in Fig. 8b. The maximum
emission was at 586 nm, while the absorbance peak showed its max-
imum at 505 nm. A second emission peak was observed at 634 nm.4. Discussion
Charge carrier mobility (μ) was evaluated by transient and steady
current techniques. As mentioned earlier, each technique estimates μ
of a carrier type. ToF provides both the mobility of holes and elec-
trons, while DI-SCLC and JxV study the carriers injected by the
ohmic contacts. In the case of CELIV, only the majority carriers are
evaluated. Charge transport in MEH-PPV is mainly space-charge lim-
ited (SCL), as demonstrated by JxVmeasurements, fulﬁlling the condi-
tion for CELIV and DI-SCLC application. Furthermore, Poole-Frenkelbehaviour was obtained at E≈1×105 V/cm in a 3 μm-thick layer
through ToF and after degradation in a 460 nm submicrometric ﬁlm.
Kažukauskas [24] observed comparable charge transport in MEH-
PPV Schottky diodes characterized by thermally stimulated currents,
thermally stimulated depolarization and JxV curves. Fitting parame-
ters μ∞ and α are close to herein reported μToF≌3×10-6 cm2/Vs and
βPF≌1.5×104 eV(cm/V)1/2, respectively. Both ToF measurements by
Campbell et al. [25] and JxV modelling by Bozano et al. [26] validate
our Poole–Frenkel model with μ0≌3.8×10−7 cm2/Vs and E0=(kBT/
βPF)2≌6.1×104 V/cm. The presence of deep traps distributed expo-
nentially in energy with Nt≈1016–1017 cm−3 was also veriﬁed by
Kang et al. [20] and Campbell et al. [7]. Voltage exponent (l) in
Eq. (4) is clearly higher than 2 in all devices and hard to estimate specif-
ically for nanometric ﬁlms as in OLEDs, because the transition between
conduction regimes happens during a reduced voltage interval (see
Fig. 1b). At low temperatures (Tb220 K), another model or effect has
to be taken into account [7,8]. As previously veriﬁed by Santos et al.
[6], an increase in the dispersive character takes place already at 280 K.
One of the limitations encountered when using the ToF is related
to the thickness of the semiconductor ﬁlm, as it usually demands
the deposition of a charge generation layer (CGL) [27]. So when esti-
mating the electron mobility (μe) in MDMO-PPV without a CGL, it gets
probably overestimated since the exciton package is generated in the
bulk of submicrometric ﬁlms (see Fig. 3a). The validity of the results
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Table 1
MEH-PPV FET parameters calculated for μFET(VGS) in saturation regime. Channel width
(WM) is 1.1 mm.
L k γ Tc μFETa VT ION/OFF
(μm) (10−6 cm2/
V1−γs)
(K) (10−5 cm2/
Vs)
(V) (A/A)
4±1 0.21±0.09 1.7±0.1 541±27 6.35 −9.3±0.6 270
10±1 0.40±0.10 1.6±0.1 525±20 7.50 −11.2±0.4 150
19±1 0.69±0.23 1.3±0.1 488±33 5.52 −11.7±0.6 85
a Values at VDS=VGS=−40 V.
489C.A. Amorim et al. / Journal of Non-Crystalline Solids 358 (2012) 484–491obtained for holes was certiﬁed through an encapsulated 3 μm-thick
MEH-PPV layer. A much more realistic evaluation was obtained with
μToF≌10−6 cm2/Vs at 1×105 V/cm in Fig. 3b, which is comparable
to Gambino et al. study of the PPV-based copolymer “Super Yellow”
[27]. Moreover, a widely-seen increasing mobility with the electric
ﬁeld was observed. A dispersion parameter (α) of 0.4–0.5 agreed
nicely to Santos et al. [6] work with a 10 μm-thick MEH-PPV layer.
The electron mobility, recognized in literature as being as lower as
10−8 cm2/Vs with Nt>1018 cm−3 [26,28,29], could not be deter-
mined for this sample, because ToF signal could not be distinguished
from oscilloscope noise. It deﬁnitely conﬁrmed that μe is clearly over-
estimated in MDMO-PPV nanometric ﬁlms. Even though transient
shape is acceptable (as in Fig. 2a) and transit time decreases with a
bias increase (data not shown), light pulse absorption occurs in the
material bulk, generating an effective transit time lower than
expected.
This issue was investigated by Juška et al. [30] in details for regiore-
gular poly(3-octyl thiophene) (P3OT)when adapting the CELIVmethod
to π-conjugated polymers. The authors stated that the equilibrium
charge carrier concentration may be sufﬁcient to redistribute the elec-
tric ﬁeld inside the sample during a time interval shorter than the
small charge drift time (i.e. τσb ttr). As a consequence, the apparent mo-
bility estimated by ToF increases when the electric ﬁeld decreases, while
in fact μ is constant. In our case, this strange mobility dependence on the
applied electric ﬁeld and slightly high value observed for a 460 nm-thick
MEH-PPV ﬁlm (μToF≌3×10−6 cm2/Vs at E≌0.04 MV/cm) in Fig. 3a is
probably due to the high E and reduced absorption capability asτσ≌5×10−4 s>ttr≌1×10−4 s. According to the Poole-Frenkel depen-
dence presented in Fig. 3b for the thickest layer, such a high μToF would
be expected only above 0.36 MV/cm. CELIV measurements conﬁrmed
this trend with μCELIV≌1.5×10−6 cm2/Vs at E≌0.16 MV/cm. Most of the
reported CELIV results in literature are for organic bulk heterojunction
solar cells (OSC). Yin et al. [31] obtained μCELIV≌(2.5–5)×10−6 cm2/Vs
for blends from poly[2,5-dimethoxy-1,4-phenylenevinylene-2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (M3EH-PPV)
and poly[oxa-1,4-phenylene-1,2-(1-cyano)-ethylene-2,5-dioctyloxy-
1,4-phenylene-1,2-(2-cyano)-ethylene-1,4-phenylene] (CN-ether-PPV).
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490 C.A. Amorim et al. / Journal of Non-Crystalline Solids 358 (2012) 484–491Dennler et al. [32] achieved a μCELIV≈10-4 cm2/Vs for MDMO-PPV and
1-(3-methoxycarbonyl)propyl-1-phenyl-(6,6)-C61 (PCBM) blends.
Nevertheless, 100% MDMO-PPV conﬁrmed the reduced μCELIV≌
(2–3)×10−6 cm2/Vs.
Mobility derived from dark injection experiments shown in Fig. 4b
are also in excellent agreement with those deduced from ToF. Stun-
ning μDI-SCLC≈10−6 cm2/Vs in a 77 nm thin-ﬁlm agreed perfectly to
3 μm-thick layer measured by ToF. These results are also consistent
with those found in literature for holes in MDMO-PPV:PCBM solar
cells [33]. Tuladhar et al. observed μDI-SCLC≌(2.5–6)×10−6 cm2/Vs
for MDMO-PPV ﬁlm thickness from 610 nm to 1.7 μm. The relation
JDI/JSCL≌1.70 emphasizes the importance of PEDOT:PSS to achieve an
ohmic contact between ITO and PPV. The lack of DI-SCLC results in lit-
erature is due to the need of ohmic contacts and SCL conduction. As
explained earlier, a polymeric semiconductor presents different charge
transport regimes according to polarization and traps DOS. In the case of
dispersive transport, the DI transient shows a long, continuously decay-
ing tail, and in case of highly dispersive transport, the maximum is not
even observed [33].
Unprotected ﬁlms presented a forty-fold current degradation after
six months of exposure to oxygen andmoisture (see Fig. 1a). Compar-
ing our results to those of Simon et al. [34], μSCLC decreased from
3×10−6 to 8×10−8 cm2/Vs and Δ increased from 0.27 to 0.34 eV. Al-
though not presented, a change in trap concentration and distribution
of states in energy must be considered, as the shape of our JxV curves
changed completely after a few months. Mobility contribution to this
phenomenon was not veriﬁed by CELIV in Fig. 5b as μCELIV stagnated at
1×10−6 cm2/Vs. An increase of injection barriers due to aluminium
oxidation and contaminants diffusion such as Al and In ions is proba-
bly also at play [35,36]. In any case, acceleration in the degradation
process occurs mostly during steady-state characterization as oxygen
reacts to oxidized-reduced molecules during charge transport. For in-
stance, MEH-PPV LEDs without encapsulation presented a premature
degradation and three times lower luminance with respect to glass-
covered ones (see Fig. 8). This reduction was also due to dark spots
on the emitting area. Slight DI-SCLC mobility degradation seen for en-
capsulated samples in Fig. 4b conﬁrms the necessity of capping the
active area.
Although current hysteresis pointed out the presence of oxide/
semiconductor interface traps, even ﬁeld-effect transistors (FET)
demonstrate that μ in polymers is best ﬁt by a variable model in the
presence of deep traps (see Table 1). As shown in Fig. 7 and already
demonstrated by Tanase et al. [37], μFET differs from two to three or-
ders with respect to OLEDs by increasing the charge concentration
(nQ). It varies from the typical 1×10−7 to 3×10−5 cm2/Vs while nQ
ranges from 1.0×1011 to 3.5×1012 charges/cm2. MEH-PPV perfor-
mance and μFET(VOV) are comparable to identically-processed MDMO-
PPV FET reported elsewhere [38,39]. The herein FET performance is
also comparable to Todescato et al. [40] devices with SiO2 wet cleaning
treatment with μFET=6.0×10−5 cm2/Vs, VT=−9.1 V and ION/OFF=
4.9×102. A reduction in interface traps would probably push μFET
above 10−4 cm2/Vs.
5. Conclusion
Charge carrier mobility (μ) studied by JxV curves, photo-CELIV, DI-
SCLC and OFET provides additional information to Time-of-Flight
(ToF). The former technique demonstrates the importance of PEDOT:
PSS to achieve ohmic contact with PPV. The observed space-charge-
limited current (SCLC) indicates that μ is hindered by deep traps in
the bulk (Nt≈1016–1017 cm−3). Photo-CELIV is able to successfully es-
timatemajority carriermobility and thin-ﬁlm conductivity in thin-ﬁlms
(μCELIV≌1.5×10−6 cm2/Vs and σ≌1.5×10−9 S/cm at E≌0.16 MV/cm).
DI-SCLC makes possible the analysis of truly nanometric ﬁlms of only
77 nm, as results agreed well to the 3 μm-thick layer studied by ToF.
Nevertheless, a Poole–Frenkel behaviour are not expected due to high
491C.A. Amorim et al. / Journal of Non-Crystalline Solids 358 (2012) 484–491ﬁelds for such a thin ﬁlm. OFET gives useful information on the depen-
dence of μ with carrier concentration. At low accumulated charge for
isotropic transport, most carriers are trapped and a perfect agreement
to previously techniques must be observed. Finally, the latter and
well-known ToF technique is limited by dielectric relaxation time (i.e.
τσ≫ ttr) and semiconductor absorption capability. Thus, estimatedmo-
bility is true only for holes in submicrometric PPVﬁlms and gets overes-
timated with a further thickness reduction.
In other words, it was veriﬁed through all techniques that μ(E) is
Poole–Frenkel-like and trap-limited, except for nanometric ﬁlms
under high electric ﬁelds. In this case, a trap-free SCLC should be ob-
served. Thin-ﬁlms are desirable for OLED applications due to high cur-
rents (and so high luminance) at low voltages but also to a reduced
built-in voltage (Vbi). Capping is mandatory as degradation increases
the injection barriers, activation energy and Vbi, while it decreases μ
and operating current. A tenfold-decrease in performance, i.e. from ca.
20 to 2 cd/m2 luminance, turns a PPV LED completely disposable after
less than six months.
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